ABSTRACT: Ninety-six weanling pigs (initial BW = 9.3 kg, initial age = 37 d ) were used in a 4-wk experiment to evaluate the response to three Ca: total ( t ) P ratios (1.2:1, 1.6:1, or 2.0:1) fed in combination with two P levels (.07 or .16% available that correspond to .36 or .45% tP) and two phytase levels ( PY; 700 or 1,050 units/kg of diet). A 3 × 2 × 2 factorial arrangement of treatments was employed using a corn-soybean meal diet. Performance, serum mineral concentrations and alkaline phosphatase ( ALP) activity, Ca and P digestibility and excretion, and bone mechanical measurements were examined. Average daily gain ( P < .001), average daily feed intake ( P < .01), and gain:feed ( P < .05) were decreased linearly as the Ca:tP ratio became wider. The digestibility of P and Ca were decreased ( P < .001) linearly as the Ca:tP ratio became wider. The digestibility of P ( P < .001) and fecal P excretion ( P < .01) were increased at the higher level of P. Increasing PY from 700 to 1,050 units (U)/kg of diet increased ( P < .05) P digestibility and decreased ( P < .01) P excretion but did not improve bone measurements. Shear force, stress and energy, and percentage of ash of both metacarpal and 10th rib linearly decreased ( P < .001 to .05) as the Ca:tP ratio became wider, and bone measurements were generally greater for pigs fed the higher P level. Serum Ca concentration increased ( P < .01) and the P concentration decreased ( P < .001) as the Ca:tP ratio increased, but Mg, Zn, and ALP activity were not influenced by the Ca:tP ratio. Serum Ca and P concentrations were affected by PY supplementation over the 4-wk trial, but serum Mg and Zn concentrations were not affected by dietary treatments. Adverse effects of a wide Ca:tP ratio were greater at the low P diet for all responses. In addition, the activity of supplemental PY in diets seemed to be decreased as the Ca:tP ratio became wider and this negative effect of Ca:tP ratio seemed greater at the low P level, and seemed to parallel the effects of Ca:tP ratio on performance, P digestibility, bone, and serum measurements. Narrowing the dietary Ca:total P ratio from 2.0:1 to 1.2:1 led to an approximate 16% increase in phytase efficacy for improving performance, digestibility, bone measurements, and serum Ca levels.
Introduction
Phytate has the potential of binding Ca and trace minerals, resulting in a decreased absorption of these minerals (Vohra et al., 1965; Oberleas, 1973) . Supplemental phytase in swine diets has resulted in improved pig performance and bone mineralization by increasing the digestibility and retention of P and Ca and has resulted in decreased excretion of both P and Ca (Simons et al., 1990; Jongbloed et al., 1993; Lei et al., 1993) . Nasi (1990) demonstrated that supplemental phytase not only improved P digestibility, but also the digestibilities of Ca, Mg, Zn, and Cu by pigs. Most studies (Nasi, 1990; Jongbloed et al., 1992; Z. Yi, unpublished data) have evaluated phytasesupplemented diets using Ca:total P ( tP) ratios that ranged from 1.7 to 2.5:1. A narrow Ca:tP ratio may be important when microbial phytase is used in pig diets because of three possible relationships: 1 ) a high Ca level may lower P absorption as a result of the formation of an insoluble complex of Ca and P, especially when the diet is below the P requirement (NRC, 1988) ; 2 ) a high dietary level of Ca may decrease phytate-P bioavailability by forming a complex with phytic acid that is less available for degradation by phytase (Wise, 1983; Fisher, 1992) ; and 3 ) a high dietary level of Ca may directly reduce the activity of the phytase enzyme and limit phytase efficacy (Bhandari, 1980; Jongbloed et al., 1993; Lei et al., 1994) . The objective of this study was to investigate the effect of Ca:tP ratios on the efficacy of supplemental phytase added to diets containing two levels of available P, both below NRC (1988) standards for weanling pigs.
Materials and Methods
A total of 96 crossbred pigs (equal number of males and females) were utilized in this study to assess the effect of varying Ca:total P ratio on phytase efficacy. Pigs were weaned at an average age of 30 d and allowed a 7-d adjustment period before diet treatments were started. During the adjustment period, pigs were fed a pre-starter formula (Maximum Wean, Southern States Cooperative, Richmond, VA) containing 22% CP for 4 d then fed a 20% CP corn-soybean meal diet containing 10% dried whey for the remaining 3-d adjustment period. After the adjustment period, pigs were weighed (average weight, 9.3 kg) and assigned to treatments from outcome groups established on the basis of gender and weight. Littermates were balanced across treatments as far as possible. The pigs were housed in groups of two in double-deck nursery pens (.6 m × .9 m ) with plasticcoated, expanded metal floors and a baffle between decks. Each pen was equipped with a nipple waterer and a stainless steel feeder. The Ca in drinking water was not taken into account for calculating Ca digestibility because the total amount of Ca was insignificant from drinking water (less than 70 mg of Ca per pig per day; 25 mg of Ca/L in drinking water). Room temperature was initially set at 29°C and was lowered approximately 2C°per week after the 2nd wk. A continuous lighting regimen was used. Ventilation rate (Murphy et al., 1990 ) was maintained at recommended levels. The care and treatment of pigs followed published guidelines (Consortium, 1988) .
A 3 × 2 × 2 factorial arrangement of treatments was used to evaluate the response of weanling pigs to three Ca:tP ratios (1.2, 1.6, and 2.0:1, two levels of available P (.07 and .16%), and two supplemental phytase levels (700 and 1,050 unit/kg of diet; Table 1 ). A unit ( U) is defined as the quantity of enzyme that liberates 1 mmol of inorganic P per minute from 1.5 mmol/L of sodium phytate at pH 5.5 and 37°C. The total P ( t P ) levels were .36 and .45%, respectively for the .07 and .16% available P ( aP) . The effect of microbial phytase was not considered when calculating the aP levels in diets. These P levels were formulated below the current NRC (1988) standards for weanling pigs to ensure maximum response to phytase additions.
The basal diet contained corn and soybean meal as the protein sources that supplied all the P (.07% aP or .36% tP) contained in the basal diet (Table 2 ). The desired level of aP was achieved by the addition of defluorinated phosphate. The assumed availability of P in defluorinated phosphate was 100%. The desired Ca:tP ratios were obtained by the addition of ground limestone. The dietary concentration of phytate P (.244%) was calculated using data presented in NRC (1988) and was similar in all diets. Chromic oxide was included at a level of .10% in diets as an indigestible indicator for digestibility measurements. To obtain a homogenous distribution of the indicator in the diet, chromic oxide was first mixed in a small mixer with cornstarch at a ratio of 1:3 (wt/wt) and then ground in a laboratory mill to pass through a 1-mm sieve. Each dietary treatment was fed to four replicate pens of two pigs each (one barrow and one gilt). Pigs were fed the diets in a meal form and the diets and water were available ad libitum. Pigs were weighed individually at weekly intervals during the 4-wk experimental period. Pen feed intakes also were recorded weekly.
Approximately equal amounts of feces were collected from each pen twice daily (morning and evening) on three alternate days each week during the 3rd and 4th wk of the 4-wk trial. Collections from each of the 3 d within a week were pooled and frozen at −20°C in airtight plastic bags for subsequent analyses. Blood samples were collected initially (in the beginning of the experimental period) and every 2 wk. Serum was collected and stored at 4°C for 3 to 4 h before determination of alkaline phosphatase activity and then mineral concentrations.
At the end of wk 4, all barrows (four per treatment) were slaughtered for collection of bone. The front foot and the 10th rib on the left side were removed and frozen. The foot samples were later thawed, extraneous tissue was removed, and the fourth metacarpal was retained. The fleshy parts of the rib samples were removed. The bones were then refrozen and used for shear force determination as described by Combs et al. (1991) .
The shear force and energy of the fourth metacarpal and the 10th rib were determined using an Instron Universal Testing Machine (Model 1123, Instron Corp., Canton, MA). The shear energy is the energy required to shear a bone, which represents the area under the force-deformation curve up to the point of shear. Bones were thawed immediately before testing to prevent desiccation. After the shear force and energy test, wall thickness was measured near the broken section using dial calipers at two sites (widest and narrowest) after cutting off the sheared end with a band saw. Shear stress values were calculated according to the formula of Wilson (1991) . After the shear test, the bones were oven-dried at 100°C for 24 h and ashed in a muffle furnace at 600°C for 24 h. Metacarpal ash and 10th rib ash were expressed as a percentage of dried bone weight.
After thawing, fecal samples were dried in an oven at 65°C. The dried samples, along with representative samples of diets, were ground to pass through a 1-mm sieve and analyzed for DM according to AOAC procedures (1990). Fecal and feed samples were wetdigested using the mixture of nitric acid and perchloric acid (5:3, vol/vol); the total P concentrations in fecal, feed, and serum were assayed photometrically (AOAC, 1990) . Calcium and Cr concentrations of fecal and feed samples and serum concentrations of Ca, Mg, and Zn, were determined with a Perkin-Elmer atomic absorption spectrophotometer (Model 5100 PC, Perkin-Elmer, Norwalk, CT). The apparent digestibilities of Ca and P were calculated by the indirect method (Dellaert et al., 1990) . The assay of serum alkaline phosphatase ( ALP) activity was based on the method outlined by Sigma Chemical Company (1987) . Phytase activity of each diet (from a single batch) was determined (quadruplicates) according to a modification of the method of Engelen et al. (1994) . A suspension of supplemental phytase enzyme was extracted from about 5 g of diet samples mixed with 50 mL of .25 M, pH 5.5 buffer solution. Two milliliters of the suspension was cultured with 4 mL of 8.4 g/L sodium phytate solution (Sigma # P-3168) at 37°C for 1 h and then colored and stopped by a mixed color-stop solution of ammoniummolybdate, ammoniumvanadate, and nitric acid. The concentration of P released from sodium phytate by supplemental phytase was colorimetrically determined at 415 nm.
The data were analyzed as a 3 × 2 × 2 factorial arrangement of treatments by the GLM procedure of SAS (1990) . Pen was the experimental unit for performance, serum criteria, and apparent digestibility data (the 3rd-and 4th-wk samples were averaged before statistical analysis). Initial serum concentrations of minerals were used as a covariate for the other weeks. Individual pig was used as the experimental unit for bone measurements, because only one pig/pen was killed. The model included weight block and the treatment main effects of Ca:tP ratios, phytase levels and P levels, and the two-and threeway interactions. Linear and quadratic effects of Ca:tP ratios across aP and phytase levels were tested using orthogonal polynomials. Percentage of the decreased supplemental phytase efficacy or activity was calculated as the Ca:tP ratios became wider in diet: the difference in the responses between the Ca:tP ratios of 2.0:1 and 1.2:1 was divided by the response value of the 2.0:1 ratio.
Results
Assayed phytase activity of the diets decreased as the Ca:tP ratio became wider (Table 3 ). The effect of the Ca:tP ratio seemed to be greater at the lower aP level.
Average daily gain was linearly decreased ( P < .001) as the Ca:tP ratio became wider (Table 3) , which was the result of a linear decrease in ADFI ( P < .01) and in gain:feed ( G:F, P < .05). The highest ADG, ADFI, and G:F occurred at a Ca:tP ratio of 1.2:1. Average daily gain and ADFI were not affected ( P > .10) by aP or phytase levels. A phytase × aP interaction ( P < .05) indicated that G:F was higher for pigs fed the diets with higher level of phytase and .07% aP. Although the effect of Ca:tP ratio seemed to be independent of aP or phytase levels because most of the two-way interactions were not significant, the adverse effect of Ca:tP ratio on ADG and ADFI seemed to be greater in .07% aP diets than in .16% aP diets.
Apparent digestibility of Ca and P decreased ( P < .001) as the Ca:tP ratio became wider, but the digestibility of DM linearly increased ( P < .01) ( Table  3) . A quadratic response for Ca, P, and DM digestibility showed a larger effect between a Ca:tP ratio of 1.6: 1 and 2.0:1 than between 1.2:1 and 1.6:1. The apparent digestibility of P was higher ( P < .001) and that of DM was lower ( P < .01) for the higher level of aP. The higher level of phytase resulted in a greater digestibility of P ( P < .05), but the apparent digestibility of Ca and DM were not different ( P > .10) between phytase levels. The two-way interactions between Ca:tP ratios, P levels and phytase levels and the three-way interaction were not significant ( P > .10) for all digestibility measurements.
Fecal P excretion was increased ( P < .001) as the level of aP fed was increased (Table 3) , whereas increasing the level of phytase from 700 to 1,050 U/kg of diet decreased ( P < .01) fecal P excretion. Varying the Ca:tP ratio did not affect ( P > .10) fecal P excretions. A phytase × aP interaction ( P < .05) showed decreased fecal P excretion for the lower aP level when the phytase level was increased but a small increase for the higher phytase level when the higher aP level was fed. The Ca:tP ratio × aP interaction indicated ( P < .05) a linear increase in fecal P excretion at the lower aP level, whereas P excretion was only increased at the widest Ca:tP ratio for the higher aP level.
Shear force, stress, energy, and percentage of ash of both metacarpal and 10th rib linearly decreased ( P < .001 to .05) as the Ca:tP ratio became wider (Table  4) . Shear force ( P < .01) and percentage of ash ( P < .001) of both metacarpal and 10th rib ( P < .001) and shear energy of 10th rib were larger for pigs fed the higher P levels. Metacarpal shear energy and shear stress and 10th rib shear stress were not influenced by aP level in this study. The interactions of Ca:tP ratio × aP and Ca:tP ratio × phytase for all bone measurements were not significant, indicating that the effects of Ca:tP ratio and aP levels Ca:tP × phytase levels were independent. However, aP × phytase interactions ( P < .05) for the 10th rib measurements indicated a response to the higher phytase level when added to the diet containing the higher aP level.
Serum Ca concentration increased ( P < .01 and .001) and serum P level decreased ( P < .05) as the Ca:tP ratio became wider (Table 5 ) at wk 2 and 4. Serum Ca concentration was lower ( P < .05) at the higher aP level at both wk 2 and 4 and was lower for the higher phytase level and for 1.6:1 Ca:tP ratio at wk 4. In contrast, serum P was higher ( P < .01) when the dietary aP or phytase level was higher. A Ca:tP ratio × phytase interaction ( P < .05) for serum Ca at wk 2 and for serum P at wk 4 showed a stronger effect of Ca:tP ratio at 700 U of phytase/kg than at 1,050 U of phytase/kg. Serum Mg and Zn concentrations and alkaline phosphatase activity at wk 2 or wk 4 were not affected by dietary treatments. Mean values ( ± SE) for initial and wk-2 and wk-4 measurements were 1.98 ± .01, 2.48 ± .04, and 2.52 ± .05 mg/dL for Mg; .50 ± .02, .52 ± .02, and .85 ± .03 mg/L for Zn; and 177 ± 10.52, 166 ± 4.62, and 149 ± 7.10 U/L for ALP activity, respectively. Serum Ca, P, Mg, and Zn concentrations increased and serum ALP activity decreased over the 4-wk trial (data not shown).
It was observed that a wider Ca:tP ratio decreased phytase efficacy of all measurements. Reduced phytase efficacy was calculated using the main effects of Table 3 . Influence of dietary Ca:P ratio, P level, and added phytase on phytase activity of the diet, performance, digestion coefficients, and fecal P excretion for weanling pigs a a Four pens (two pigs/pen) per treatment for performance and digestion coefficients. Average initial weight was 9.3 kg and final weight was 22.85 kg.
b Each mean represents four independent assays of each diet from a single batch.
c Ca:tP ratio linear effect ( P < .001).
d Ca:tP ratio linear effect ( P < .01).
e Ca:tP ratio linear effect ( P < .05); phytase × P interaction ( P < .05).
f Ca:tP ratio linear effect ( P < .001); Ca:tP ratio quadratic effect ( P < .05).
g Ca:tP ratio linear effect ( P < .001); Ca:tP ratio quadratic effect ( P < .01); P effect ( P < .001); phytase effect ( P < .05).
h Ca:tP ratio linear effect ( P < .01); Ca:tP ratio quadratic effect ( P < .05); P effect ( P < .1).
i Phosphorus effect ( P < .01); phytase effect ( P < .01); phytase × P interaction ( P < .05); Ca:tP ratio × P interaction ( P < .10); Ca:tP ratio × P × phytase interaction ( P < .01).
Phytase, U/kg: tP (aP), %: Ca:tP ratio: Table 4 . Influence of dietary Ca:P ratio, P levels, and added phytase on bone measurements of weanling pigs a a Four pigs per treatment mean.
b Ca:tP ratio linear effect ( P < .05); P effect ( P < .01).
c Ca:tP ratio linear effect ( P < .01).
e Ca:tP ratio linear effect ( P < .01); P effect ( P < .001).
f Ca:tP ratio linear effect ( P < .001); P effect ( P < .001); phytase × P interaction ( P < .05).
g Ca:tP ratio linear effect ( P < .01); phytase × P interaction ( P < .10).
h Ca:tP ratio linear effect ( P < .01); P effect ( P < .001); phytase × P interaction ( P < .05).
i Ca:tP ratio linear effect ( P < .01); P effect ( P < .001); phytase × P interaction ( P < .10).
Phytase, U/kg of diet: tP (aP), %: Ca:tP ratio: Ca:tP ratios across phytase and aP levels (Table 6 ). It was assumed that all significant responses to the adverse effect of Ca:tP ratio resulted from the decreased phytase efficacy. Increasing Ca:tP ratio .1 unit between 1.2:1 and 2.0:1 in diets resulted in 1.99 ± .27% reduction in the efficacy of supplemental phytase, which was close to the value calculated for the reduced phytase activity of the diets (1.95%). This adverse effect of Ca:tP ratio was greater at the lower dietary aP level but was not different between the phytase levels.
Discussion
Calcium is thought to be a key factor that influences the activity of mucosal phytase in poultry and rats (Bhandari, 1980; Wise, 1983) , but the influence of mucosal phytase in the pig, if present, is believed to be negligible for improving the availability of phytate P (Pallauf and Rimback, 1995) . However, the influence of Ca on phytase activity of a microbial phytase product added in a corn-soybean meal diet is not known. Results of the phytase assay of the mixed diets showed that the wider Ca:tP ratios decreased the phytase activity of diets with added phytase. This decrease in activity as the Ca:tP ratio became wider might be due to 1 ) the extra Ca binding to phytate to form an insoluble complex that is unaccessible to phytase or 2 ) the extra Ca that could directly repress phytase activity by competing for the active sites of the enzyme (Wise, 1983; Pointillart et al., 1985) . This depressive effect was greater at the lower aP level, which suggested that phytase can also be influenced by the P level.
A wide Ca:tP ratio lowers P absorption, which results in decreased growth and bone calcification (Koch et al., 1984; Reinhart and Mahan, 1986; Pointillart et al., 1989) . Adverse effects of the Ca:tP ratios on performance, bone characteristics, and serum criteria have been generally observed when the Ca:tP ratio exceeded 2.0:1; however, no significant effects have been observed when the Ca:tP ratio was under 2.0:1, especially at the range of 1.0 to 1.6:1 (Koch et al., 1984; Reinhart and Mahan, 1986; Pointillart et al., 1989; Ketaren et al., 1993) . In some studies evaluating the Ca:tP ratio, performance, bone measurements, and serum criteria were not influenced by the Ca:tP ratio even at a higher ratio than 2.0:1, such as the 3:1 used by Koch et al. (1984) . In our study, a portion of the reduced responses observed for the wide Ca:tP ratio may have resulted from a reduction in the efficiency of supplemental phytase when the dietary Ca:tP ratio increased from 1.2 to 2.0:1. The effects of wide Ca:tP ratios may not have been taken into account in the recent phytase studies (Nasi, 1990; Jongbloed et al., 1992; Lei et al., 1993) , in which Ca: tP ratios ranged from 1.7 to 2.5:1. Lei et al. (1994) Table 6. Phytase efficacy and activity as influenced by the adverse Ca:total P ratio effect a Decreased phytase efficacy or activity ( % ) as the Ca:tP ratio increased .1 unit in the diet, which equals the difference in the responses between the Ca:tP ratios of 2.0:1 and 1.2:1 divided by the response value of the ratio of 2.0:1 and by 8 (the number of .1 units between 2.0 and 1.2). For example, 3.56 for ADG at .36 (.07)% total P (aP) was obtained as follows using data from Table 3 b Mean values across phytase and P levels. c Averaged across phytase or P levels.
d Mean values were calculated without consideration of G/F, 10th rib measurements, and serum P concentrations (there was an interaction between aP and phytase levels for these measurements).
Percentage decrease in efficacy or activity conducted a study to evaluate the adverse effect of Ca on phytase efficacy, in which two Ca:tP ratios calculated were approximately 1.6:1 and 3.1:1. The responses in that study may not be attributed to the decreased phytase efficacy but by high dietary Ca because the Ca:tP ratio was above 2.0:1, at which level adverse Ca:tP effects did exist even without supplemental phytase in diets as discussed above. In addition, the adverse effects of Ca that may have been influenced by the P level in the diet were not considered. In the present study, using Ca:tP ratios of 1.2:1, 1.6:1, and 2.0:1, significant effects of Ca:tP ratios on performance, digestibilities, bone characteristics, and serum criteria could be attributed to the decreased supplemental phytase efficacy that resulted from the detrimental effect of Ca:tP ratio. Several studies have demonstrated that supplemental phytase significantly improved performance and bone mineralization of pigs, and the optimal level in weaning pig diets was about 700 U/kg of diet (Simons et al., 1990; Lei et al., 1993; Kornegay and Qian, 1994) . However, these improvements were greatly reduced by the wider Ca:tP ratios in the present study and in the study reported by Lei et al. (1994) , which may have been a result of the decreased phytase efficacy caused by the wide Ca:tP ratio. Two-way significant interactions between Ca:tP ratio and phytase for serum Ca at wk 2 and serum P at wk 4 suggested that the Ca:tP ratio effect is stronger at the low phytase level than at the high phytase level. However, the adverse effect of a wide Ca:tP ratio on phytase efficacy may be independent of phytase levels because significant differences were not observed between the two phytase levels (700 and 1,050 U/kg of diet) for performance and bone characteristics. Although independent of P levels, the adverse effect of Ca:tP on performance and bone measurements indicated apparently stronger responses at the lower dietary P level, which suggested that the Ca:tP ratio effect on supplemental phytase efficacy was more crucial at the lower dietary P level.
Two-way significant interactions between aP and phytase for G:F and 10th rib measurements indicated a better response to the higher phytase level when added to the diet containing the higher aP level (Kornegay and Qian, 1994) . Significant improvements in most bone measurements indicated a better response in bone mineralization by the higher aP level. However, performance and bone measurements were not different ( P > .10) between pigs fed 700 or 1,050 U of phytase/kg of diet, which supports the observation that the optimal level of supplemental phytase in weanling pigs is approximately 700 U/kg of diet (Simons et al., 1990; Lei et al., 1993; Kornegay and Qian, 1994) .
Recently, much effort has been made to increase the utilization of phytate P by using supplemental microbial phytase to decrease the excretion of P because of potential contamination of the environment by fecal P from animals (Beers and Jongbloed, 1993) . Apparent P digestibility that is inversely correlated with the P excretion was thought to be the most sensitive indicator for the evaluation of P utilization and phytase function in pig studies (Nasi, 1990; Pallauf et al., 1992; Beers and Jongbloed, 1993; Mroz et al., 1994) . In agreement, P digestibility was significantly increased by the increased phytase supplementation from 700 to 1,050 U/kg of diet or aP level from .07 to .16% and decreased by the wider Ca: tP ratio, which actually suggested that P digestibility was a highly sensitive indicator. Apparent Ca digestibility, which was found to be improved by supplemental phytase (Nasi, 1990; Pallauf et al., 1992: Kornegay and Qian, 1994) , was diminished by the adverse effect of a wide Ca:tP ratio in this study. These reductions in Ca and P digestibilities could have resulted from a decrease in the efficacy of phytase that resulted from widening the Ca:tP ratio; this result is consistent with the study by Jongbloed et al. (1993) . Quadratic responses in digestibilities of Ca, P, and DM suggested that a greater effect of the Ca:tP ratio occurred at the lower dietary aP level.
Fecal P excretion was not significantly affected by the dietary Ca:tP ratio but was decreased by added phytase or increased by increasing the aP level. The two-and three-way interactions between phytase, aP, and Ca:tP ratio indicated a reduction in fecal P excretion for pigs fed diets with a combination of the higher phytase supplementation, lower P level, and narrower Ca:tP ratio.
As indicators of the utilization of dietary P or supplemental phytase, serum measurements such as serum Ca, P, and ALP activity were found less sensitive (Koch et al., 1984; Koch and Mahan, 1985; Reinhart and Mahan, 1986) , except in the reports of Lei et al. (1993 Lei et al. ( , 1994 . Increases in serum Ca, P, Zn, and Mg in all treatments over time could be contributed to the positive effect of phytase supplementation on the Ca, P, Zn, and Mg utilization (Pallauf et al., 1992; Lei et al., 1993 Lei et al., , 1994 Kornegay and Qian, 1994) . However, these increases in serum Ca and P levels were also diminished as the Ca:tP ratio became wider, which was consistent with results for the adverse effects of Ca:tP on performance, bone characteristics, and P absorption. This detrimental effect finally resulted in an increase in serum Ca and a decrease in serum P levels, suggesting an inverse relationship between serum Ca and P, which was regulated by dietary Ca and P levels via hormones (Mahan, 1982; Koch et al., 1984; Reinhart and Mahan, 1986) . Furthermore, the magnitude of the Ca: tP ratio effects was greater at the lower dietary P level. Studies by Koch et al. (1984) and Koch and Mahan (1985) suggested that serum P concentration and ALP activity were stable over time for young pigs. A reduction in serum ALP activity and an increase in P concentration in the present study might result from the effect of supplemental phytase. In a similar study, Lei et al. (1994) found an increase in serum P over 30 d for weanling pigs fed diets with 750 and 1,200 U/kg of supplemental phytase. Serum P concentration was inversely correlated with ALP activity.
At the range of the ratio of 1.2 to 1.6 to 2.0:1, the decreases in performance, bone characteristics, P digestibility and excretion, and serum criteria could be attributed to a reduction in phytase efficacy that was affected by the adverse effect of the wide Ca:tP ratio as observed in the in vitro situation. The degree of the reduction in phytase efficacy for increasing .1 unit of Ca:tP ratio was approximately 1.99%, which was very close to the 1.95% reduction in phytase activity in vitro, which indirectly supported our hypothesis. However, a decrease in Ca:tP ratio from 2.0 to 1.2:1 means a 15.92% increase in phytase efficiency for weanling pigs by increasing the amount of aP in plant ingredients. Based on our previous study (Kornegay and Qian, 1994) , .176 and .221% aP at .07% aP diet could be released from feedstuffs by supplementation of phytase of 700 and 1,050 U/kg of diet, and .208 and .231% aP at .16% aP diet. The amount of released P could be increased to .211 and .265% aP for the .07% aP diet, and to .233 and .296% aP for the .16% aP diet by a decrease in the Ca:tP ratio from 2.0 to 1.2:1. So, in consideration of the released aP by phytase, the Ca: aP ratio in diets should be between 1.5:1 and 2.5:1. This range of Ca:aP ratio was beneficial to growth and bone mineralization of pigs (NRC, 1988; Ketaren et al., 1993) .
Implications
Beneficial effects of microbial phytase supplementation in weanling pig diets were adversely affected by wide calcium:total phosphorus ratios, with a more pronounced effect in the lower-phosphorus diets. A supplementation of phytase in pig diets should be used with a narrow calcium:total phosphorus ration (1.2: 1). AOAC. 1990 
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